Abstract Strong evidence implicates maternal environmental exposures in contributing to adverse outcomes during pregnancy and later in life through the developmental origins of health and disease hypothesis. Recent research suggests these effects are mediated through the improper regulation of DNA methylation in offspring tissues, specifically placental tissue, which plays a critical role in fetal development. This article reviews the relevant literature relating DNA methylation in multiple tissues at or near delivery to several prenatal environmental toxicants and stressors, including cigarette smoke, endocrine disruptors, heavy metals, as well as maternal diet. These human studies expand upon previously reported outcomes in animal model interventions and include effects on both imprinted and non-imprinted genes. We have also noted some of the strengths and limitations in the approaches used, and consider the appropriate interpretation of these findings in terms of their effect size and their relationship to differential gene expression and potential health outcomes. The studies suggest an important role of DNA methylation in mediating the effects of the intrauterine environment on children's health and a need for additional research to better clarify the role of this epigenetic mechanism as well as others.
Introduction
The developmental origins of health and disease hypothesis postulates that environmental factors encountered in utero may heavily influence disease susceptibility and outcomes in adult offspring [1] . Understanding developmental plasticity in response to environmental exposures and the potential epigenetic mechanisms of these influences holds great promise for both prediction of disease risk and novel disease intervention. The most widely studied and best understood mechanism of action for epigenetic influence on health and disease is DNA methylation. Mammalian DNA methylation occurs predominantly at cytosine residues immediately followed by a guanine, which are known as CpG sites. CpG site methylation occurs through either de novo or maintenance methylation actively performed by DNA methyltransferase (DNMT) proteins (reviewed in [2] ). DNA methylation levels may change throughout an individual's life; however, a large portion of the epigenome is established during fetal development [3] .
Studies investigating alterations in DNA methylation as a result of prenatal or neonatal exposures to environmental stimuli have begun to shed light on how different factors affect gene expression in different tissues including fetal cord blood and placental tissue. Within studies pertaining to DNA methylation, both highlighted here as well as outside of the scope of this review, it is important to keep in mind the highly cellspecific nature of DNA methylation that has been described by our lab, as well as others [4, 5, 6••] . This cellular specificity has important implications for studies involving DNA methylation. First, studies of environmental impact on epigenetics in non-pathologic tissues (such as the placenta or infant cord blood) often observe relatively small effect sizes, reflected in differences in methylation of only a few percent. This is in sharp contrast to the differences in DNA methylation observed within pathologic tissues such as cancerous tumors, where methylation in promoter regions may differ by orders of magnitude between the tumor and its relevant non-diseased counterpoint. Yet, it is critical to recognize that tumors are clonal tissue samples, and likely the DNA methylation measured within those samples may represent the status in a large majority of the cells within the tumor. In non-pathologic samples, variation in methylation may occur in only some small percentage of cells, and so when a subset of the tissue is measured, the result is a diluted measurable difference (Fig. 1 ).
This would not indicate a lack of merit to these findings, but that the cellular specificity is important.
Along those lines, researchers must be cognizant of the mixed nature of non-pathologic samples including peripheral blood, the placenta, or any number of other tissues. As DNA methylation defines cellular differentiation, examination of human tissue samples that include multiple cell types need to correct for confounding of the results due to the multiple types of cells present within a sample. Methods to perform this correction based upon the use of a known referent population of cells [7] or utilizing a reference-free correction [8••] have been developed to address these issues. Finally, due to methylation's tissue specificity, the role or function of any tissue being considered for DNA methylation must be taken into account both when selecting what cell type to investigate as well as in the interpretation of the subsequent data collected. This is often impractical in a population context, where target organs and tissue may not be readily accessible, but even accessible tissues can be utilized as long as the appropriate understanding of the potential relevance of any findings is considered.
With this in mind, the placenta may be considered an ideal candidate for investigation as it is a mediator of nutrient and waste exchange, regulates interaction with the maternal immune system, acts as a neuroendocrine organ producing hormones and growth factors necessary for fetal development, and regulates fetal exposure to intrinsic and exogenous exposures present in the maternal circulation, making it a master regulator for the fetal environment, and thus a focus of this review [9] [10] [11] . These characteristics make the placenta a promising target for investigation into the interplay between environment and fetal development, as it may serve not only as a biomarker but also underlies mechanisms responsible for fetal programming.
Animal toxicological models have focused researchers' attention on specific environmental factors that will be discussed more extensively throughout this review, including fetal exposure to cigarette smoke [12, 13] ; endocrine disruptors, such as bisphenol A [14] [15] [16] ; heavy metals [17, 18] ; and maternal nutrition including obesity and diabetes [19] . We aim to address the role of these different environmental exposures (Fig. 2 ) on the human fetus or neonate and the subsequent alteration of DNA methylation patterns in varying tissue samples (summarized in Table 1 ). Special attention will be paid to the role of intrauterine exposures on placental methylation and the potential link between environment and gene expression. In addition, we highlight the effect of environmental stimuli on imprinting, as the important role that imprinting control regions may play in development has been reviewed extensively [41, 42] . Finally, we aim to address the knowledge gaps underlying human epidemiological studies focusing on the intrauterine environment as well as our understanding of tissue-specific alterations in methylation in response to these environmental stimuli.
Cigarette Smoke
Prenatal exposure to cigarette smoke has long been linked with deleterious birth phenotypes including fetal growth restriction [43] , preterm birth [44] , and negative outcomes for women with pre-eclampsia [45] , as well as long-term health consequences including those of psychological health [46] , asthma [47] , and childhood obesity [48, 49] . In addition to clinical associations between smoking and infant and child health, recent studies have identified altered methylation status of genes following exposure during pregnancy to cigarette smoke, potentially linking it to altered gene expression later in life. An early implication of maternal smoking during pregnancy (MSDP) as a mediator of fetal DNA methylation came from investigations on buccal epithelium utilizing the Illumina GoldenGate Assay for Methylation for gene-specific examinations of DNA methylation. This study also included using pyrosequencing following bisulfite conversion of repetitive elements such as LINE-1 and AluYb8 (Alu) methylation on DNA obtained from buccal cells [20] . While LINE-1 showed no alterations in methylation in this children's cohort, Alu methylation was significantly lower in smoke-exposed children. Alu segments are the most abundant repetitive element within the human genome, and transcription of these regions, due to the presence of transcription factor sequence motifs, play an important role in regulating expression of adjacent genes [50] , acting as an important regulator of cellular health. In addition, eight candidate regions altered by MSDP were identified, including tyrosine-protein kinase receptor UFO (AXL) and protein tyrosine phosphatase, receptor type, O (PTPRO), both of which play an important role in cellular proliferation. Within a similar time frame, ELISA-based measurements of global methylation levels on DNA from the umbilical cord serum also linked MSDP to hypomethylation from prenatally smoke-exposed samples [21] . These initial studies were an early indication into the potential role of intrauterine smoke exposure on DNA methylation [20, 21] .
A targeted, candidate gene approach utilizing bisulfite sequencing to investigate placental methylation and its relation- CpG sites adjacent to the cytochrome P450, family 1, member A1 (CYP1A1) gene. These alterations in methylation were highly correlated with CYP1A1 gene expression, suggesting a causal link between smoking and transcription rates mediated by DNA methylation. CYP1A1 acts as an important player in metabolism of harmful carcinogenic elements found in Arrow next to a gene indicates direction of correlation between methylation levels and exposure cigarette smoke, such as polycyclic aromatic hydrocarbons [22] . In a separate follow-up study, epigenome-wide promoter methylation was investigated in placental tissue to determine its correlation with gene expression and the relationship of alterations of both to intrauterine smoke exposure. This revealed a number of CpG sites with discordant methylation status due to maternal smoke exposure displaying a modest correlation to altered gene expression [23] . Pathway analysis of the genes differentially expressed in smoke-exposed infants demonstrated enrichment for oxidative stress-associated genes. In addition, maternal smoking-associated differential methylation at as few as six CpG sites correlated with a linear reduction in birth weight. An area of increased scrutiny in epigenetic studies is the role of DNA methylation in brain development and the subsequent role in behavioral outcomes of offspring. This can be found highlighted in studies focusing on the role of MSDP on differential neurodevelopment of offspring and the link to epigenetic variation. Exposure to maternal smoke was linked to increased infant blood methylation in the gene body of brainderived neutrophic factor-6 (BDNF) [24] . BDNF is involved in memory formation, suggesting in utero exposure may be capable of causing epigenetic alteration to fetal brain development. Alterations to BDNF may have a role in long-term behavioral consequences such as synapse structure and regulation [51, 52] , bipolar disorder [53] , and stress responsiveness [54] . It is important to note however that this study utilized blood as a proxy for brain methylation, which has not been correlated, highlighting the difficulty in ascertaining the role of methylation on human brain development. In addition, BDNF methylation and expression has increasingly been scrutinized as a factor in broader behavioral outcomes including depression and several psychiatric disorders, highlighting the importance of its fetal regulation in later life outcomes [55, 56] .
Maternal smoking also appears to influence the infant stress response as demonstrated by a lower level of cortisol production under both basal and stress conditions in exposed offspring as compared to unexposed. Examination of the placental glucocorticoid receptor (NR3C1) promoter region by bisulfite sequencing revealed altered methylation levels associated with maternal smoking in line with differential saliva cortisol levels [26] . Other studies utilizing Illumina array technology have investigated the role of maternal smoking on methylation. Maternal smoking has been associated with aberrant placental methylation of the runt-related transcription factor 3 (RUNX3) gene [25] , as well as cord blood aryl hydrocarbon receptor repressor (AHRR) and CYP1A1 [57•] .
One factor leading to increased difficulty in analyzing epigenetic studies is the tissue-specific nature of methylation and the potentially different responses in varying neonatal tissues that may confound results between different studies. This was nicely investigated in a study conducted by Novakovic et al. (2013) in which the authors aimed to confirm previously reported [57•, 58, 59] alterations in methylation of the AHRR gene in multiple fetal tissues [6••] . To accomplish this, methylation of the AHRR gene was quantified in cord blood mononuclear cells, buccal epithelium, as well as placental tissue, and monitored for stability in the individuals at 18 months of age. The authors first reported variable methylation levels across the tissue types, specifically in the CpG island region of the AHRR gene from placental tissue. In addition, the data confirmed that smoking throughout pregnancy altered the methylation status of the AHRR gene in neonatal blood. Methylation levels were comparable between neonatal and 18-month sampling times, suggesting stability of methylation with the potential for long-term consequences.
Taking the sum of the data available on maternal smoking, it becomes clear that intrauterine exposure to cigarette smoke plays a major role in infant health outcomes. A strong case may be made that alterations in DNA methylation are a mechanistic control point for these adverse health outcomes, including neurodevelopmental issues.
Endocrine Disruptors
Though the definition of endocrine disrupting chemicals (EDCs) is broad, and at times controversial [60] , they are generally considered to be a wide-ranging group of compounds that, at certain doses, act to alter the function of hormones within mammals. Chemicals that fall within this category include phenols such as bisphenol A (BPA), or phthalates, both of which are important plasticizers. These compounds frequently enter the environment and food chain via manufacturing waste, pesticide use, or water contamination. While endocrine disruptors such as BPA are fairly ubiquitous in everyday life, their role in altering human health has been somewhat contentious [61] , with studies on the role of prenatal exposure in humans only recently becoming more prominent. BPA has conclusively been shown to affect the epigenome however through the alteration of the metastable Agouti allele in mice. Genetically identical individuals differ in coat color based upon DNA hypomethylation at the Agouti gene as a result of BPA consumption. Further linking this alteration to the actions of DNA methylation, this phenomenon may be reversed by nutritional supplementation with methyl donors (folic acid) [62] . Interestingly, animal models have demonstrated that the liver undergoes a 40 % reduction in the ability to metabolize BPA into its inactivated state during pregnancy [63] , suggesting an acute susceptibility to endocrine disruptors during this period for both the mother and fetus. This is supported by human studies that found that pregnant women excreted 26 % greater levels of BPA in their urine as compared to pre-pregnancy [64] . These findings would suggest that exposure to endocrine disruptors during pregnancy have a great potential for harm, of which epigenetic mechanisms may be playing an important role.
Though limited in scope, several recent publications have implicated prenatal BPA exposure as a mediator of DNA methylation in human populations. Nahar et al. (2014) demonstrated that in utero exposure to bisphenol A altered expression of xenobiotic metabolizing enzymes (XMEs) in human fetal liver tissue. Of the approximately 160 XMEs investigated, 14 displayed reduced expression as a result of increased prenatal BPA exposure. To further elucidate the mechanism linking BPA exposure and expression of these XMEs, promoter methylation levels were measured for carboxylesterase 2 (CES2), catechol-O-methyltransferase (COMT), and sulfotransferase family, cytosolic, 2A, dehydroepiandrosterone (DHEA)-preferring, member 1 (SULT2A1). This yielded both site-specific (COMT) and average methylation (SULT2A1) differences in response to BPA, implying causality between exposure and XME expression [27] .
In addition to BPA, phthalate and phenol exposure has recently been investigated for their role in altering DNA methylation following prenatal exposure in the first trimester. Exposure to EDCs was quantified by proxy measurement of maternal urine levels, and fetal DNA methylation was measured in placental tissue. Increasing maternal levels of the sum of phthalate metabolites measured were negatively correlated with placental methylation of the imprinted genes H19 and several regions of insulin-like growth factor 2 (IGF2) [28••] . H19 and IGF2 form a gene cluster on human chromosome 11, and have been shown to be heavily regulated by epigenetic mechanisms (common among imprinted genes) with IGF2 acting as an important fetal growth factor [65] . Though endocrine disruptor exposure appeared to alter methylation of these genes, the changes could not be directly linked to variation in their allele-specific expression or any birth outcomes. These findings suggest that EDC exposure may alter placental methylation, though a more thorough investigation is required to determine its role in infant health and birth outcomes.
Heavy Metal Exposure
Heavy metals may be broadly defined as chemicals with a density much greater than that of water, and although some heavy metals including iron, copper, and zinc are essential to a balanced diet, many heavy metals pose potential health hazards, including arsenic, cadmium, mercury, and lead. As maternal metal exposure has received more scrutiny, evidence has emerged to suggest that heavy metals may induce epigenetic changes in fetal tissues.
Arsenic
Arsenic exposure for pregnant women may originate from the use of unregulated wells for drinking water as well as rice consumption, with levels of exposure varying widely depending on the population and region studied [66] . Arsenic consumption at moderate to high levels has been associated with increased infant mortality and low-birth weight [67, 68] . Several hypotheses exist as to the mechanisms through which arsenic exposure would mediate DNA methylation levels. These include competition for DNA methyltransferase binding or depletion of methyl donors [69, 70] , leading to general transcriptional deregulation. Investigations on the relationship between maternal arsenic exposure and global DNA methylation in both umbilical cord blood and maternal leukocytes from a Bangladeshi population with a range of exposures beyond what would be seen in developed countries suggested that arsenic exposure plays a role in altering methylation levels for both mother and child. Measurements of LINE-1 methylation levels showed increases of 1.36 and 1.08 % in umbilical cord blood and maternal leukocytes, respectively; however, there were no differences seen in Alu or p53 methylation levels [29] . In a more recent study in New Hampshire, where 10-15 % of the population relies on water contaminated with arsenic beyond the EPA standard, genome-wide methy l a t i o n w a s e x a m i n e d b y u s i n g t h e I l l u m i n a HumanMethylation450 BeadChip array in umbilical cord blood and corrected the data based upon leukocyte subtype proportions. Based on this genome-wide DNA methylation data, this study identified an increase in the proportion of CD8+ T cells as well as differential methylation in regions across the genome. There was an enrichment for arsenicassociated DNA methylation in CpG islands, suggesting that this variation may be functional [31•] . The finding of reduced CD8+ T cells was later replicated, again using cord blood, in a more highly exposed Bangladeshi population [30•] .
Cadmium
Cadmium exposure primarily occurs through cigarette smoke and dietary intake, with high levels found in offal meats, crustaceans, mollusks, and some leafy greens [71, 72] . Cadmium is a partial transplacental toxic metal, accumulating in the placenta, and has been implicated as a potential cause of adverse birth outcomes [73] . Specifically, in a rat model, prenatal exposure to cadmium altered methylation of the hepatic glucocorticoid receptor [17] , which may correlate with human data demonstrating an altered glucocorticoid response in human placental trophoblasts following cadmium exposure [74] . A lack of epigenetic data on the role of cadmium in glucocorticoid-related stress responses in utero represents a major gap in current understanding of the molecular mechanisms of intrauterine cadmium exposure.
Epigenetic data has also implicated maternal cadmium exposure as a negative driver of fetal birth weight. A prospective cohort study performed by Kippler et al. (2012) demonstrated a negative linear relationship between maternal urinary cadmium levels with birth weight and head circumference in girls, though no association was seen for boys [73] . A follow-up study investigated the role of cadmium on cord blood DNA methylation levels using the Infinium HumanMethylation450 BeadChip. This study found that cadmium exposure could be associated with altered blood methylation; however, as was seen in the previous work, the alterations were highly sex-specific. Correlations between exposure levels and methylation in boys were predominantly positive (96 % of the top 500 CpG sites), while in girls only 29 % of the top 500 correlated CpG sites showed a positive relationship. In addition, the genes showing strong correlations to cadmium levels differed between the sexes as girls were predominantly affected in genes related to organ development, while changes in boys were in cell-death-related genes. Though the authors had previously described an inverse relationship between cadmium and birth weight in girls, this study was unable to identify specific CpG sites affecting birth weight [33] . These data would suggest that cadmium exposure is playing a critical role in DNA methylation levels, potentially affecting gene expression in both boys and girls, though in different genomic regions, and may be a factor in birth weight outcomes.
Lead
Though lead has been shown to be detrimental to the health of a developing fetus [75] [76] [77] , very little research has been conducted in determining the role of maternal exposure on DNA methylation. An in vitro study utilizing isolated embryonic stem cells (ESCs) exposed to a biologically relevant dose of lead monitored the effects on DNA methylation and neuronal differentiation potential. Lead exposure altered methylation in multiple neuronal-related genes, and neural progenitor cells from these ESCs differentiated into neurons with aberrant morphology [34] . This result may be due to altered methyltransferase expression following prenatal lead exposure, as described in a rodent model examining the effects of lead on neural development [78] . Though a number of publications have detailed the detrimental outcomes associated with prenatal lead exposure, there is a void in the literature examining the molecular basis underlying these pathologies, specifically how DNA methylation may be involved. This is likely due to the difficultly associated with obtaining relevant tissue samples to neural development, again highlighting the importance of representative proxy tissues, such as the placenta.
Maternal Diet
Though we have seen that what a fetus is exposed to via maternal diet is likely playing a role in altering DNA methylation, there is evidence that how much is consumed during pregnancy may also be important in development. Though initial investigation of diet identified the role of famine on fetal outcome and DNA methylation [79, 80] , a more relevant branch of nutritional research to the modern US population [81] has begun to focus on maternal obesity and gestational diabetes mellitus (GDM). A study conducted by Ruchat et al. (2013) found that GDM during pregnancy altered DNA methylation in both offspring placental tissue and cord blood. These changes, measured by Infinium HumanMethylation450 BeadChip, moderately overlapped (1029 of approximately 3500 differentially methylated genes) between the two tissues examined. Notably, the genes displaying differential methylation levels between GDM-exposed children and controls were enriched for genes involved in metabolic disease pathways, suggesting that maternal diabetes epigenetically alters offspring metabolism [35•] .
This role of maternal metabolic condition on offspring epigenetics is highlighted by several studies that have focused on the role of maternal obesity on methylation within the metabolically important leptin (LEP) gene. An investigation into the tissue-specific methylation of leptin examined both maternal and infant cord blood as well as the placenta. The study found a correlation between maternal obesity and cord blood leptin methylation levels, as well as lower levels of methylation in infants born to prepregnancy obese mothers. In both the placenta and cord blood, infants born small for gestational age had significantly higher LEP methylation [82•] . In a similar study focusing specifically on the role of GDM within the placenta, maternal pre-pregnancy obesity and GDM status led to significantly higher LEP methylation levels [36] .
Investigations have also implicated gestational diabetes mellitus on altered imprinted gene methylation levels. Placental tissue and cord blood were analyzed for GDM-exposed babies and non-exposed controls across seven imprinted genes as well as in LINE-1 and Alu as genome-wide methylation proxies. Of the genes analyzed, the maternally imprinted gene MEST displayed markedly reduced methylation in GDM-exposed babies compared to controls. This was also seen in a separate group of morbidly obese adults, analyzed in the same data set, suggesting a correlated relationship and mechanistic link between the ability of an excessive diet to alter methylation in both a developing fetus as well as a mature adult [38] . Though these studies focused on specific genes or pathways, analysis on a more global scale across several studies has demonstrated the potentially broad impact of GDM on epigenome-wide methylation [83, 84] . Taken together, this data strongly implicates gestational diabetes mellitus as modulators of offspring metabolic pathways, potentially predisposing them to metabolic diseases.
Dietary folate acts as single carbon methyl donor, and restricted intake of this carbon source may lead to negative birth outcomes [85] . The correlation between nutritional sources of methyl donors and infant phenotype points towards a pivotal role of folate in DNA methylation status. For example, maternal periconceptual nutritional intake in The Gambia, with folate as a model cofactor, had a strong effect on offspring lymphocyte DNA methylation with a correlation to levels of several plasma biomarkers, including methionine, choline, and Sadenosylmethionine, among others [86] . A closer examination of folate supplementation after 12 weeks of pregnancy investigated methylation status of several imprinted genes in cord blood. Supplementation was associated with higher IGF2 methylation and a reduction in both PEG3 and LINE-1 methylation status [39] . Aberrant methylation at imprinted sites has been reported elsewhere, with several studies linking the alteration with subsequent infant birth weight [40, 87] . Interestingly, the mechanism of altered DNA methylation in the presence or absence of excess folate at imprinting sites may not be due to methyl group bioavailability, but to altered regulation of zinc finger protein-57 (ZFP57). A recent investigation utilizing an epigenome-wide approach looked at methylation status of neonate CD4+ T cells and antigen-presenting cells exposed to either a high or low maternal folate diet. Among the regions differentially methylated, the largest effect was seen in a 923 bp window 3 kb upstream of ZFP57, in which a high-folate diet correlated with hypomethylation [88] . ZFP57 plays a critical role in the establishment and maintenance of imprinting-associated DNA methylation, establishing a link between maternal folate consumption and genetic imprinting [89, 90] . The critical link between imprinting and placental biology has previously been reviewed, with a focus on pathology following alterations in normal imprinting patterns [91] .
The World Health Organization (WHO), among others, has issued a recommendation of at least 0.4 mg of folate intake periconceptually in order to potentially prevent the development of neural tube defects [92] . A better understanding of whether this recommendation is adequate (or excessive [93, 94] ) and how dietary folate may best be utilized to reduce adverse birth outcome would greatly benefit clinical obstetricians.
Conclusions
This review has covered the role of prenatal and neonatal environmental exposures with alterations in DNA methylation. Among the studies mentioned in this review, placental tissue has emerged as a popular candidate for analysis of DNA methylation. Appropriate placental gene expression is paramount to fetal regulation during pregnancy, and alterations from this have been linked to pre-eclampsia, intrauterine growth restriction, gestational diabetes mellitus, and trophoblastic disease [95] [96] [97] [98] [99] . The strong association between gene expression and DNA methylation point towards a potentially significant mechanism of prenatal programming.
While an understanding of the mechanisms controlling DNA methylation and gene expression in the placenta would be a major step towards the understanding of adverse pregnancy outcomes, a direct link to environmental exposures predisposing pregnancies to complications would aid in the reduction or elimination of these issues. With all of this taken into account, there is currently a void of knowledge in the linkages between environmental exposures and disease. More work needs to be done utilizing large birth cohorts with expansive clinical data on maternal exposures along with birth outcomes and infant methylation status. Ideally, these data sets would include plans for longitudinal follow-ups of infant health. The continuing improvement of our understanding of the intrauterine environment, methylation, and disease will continue to progress our utilization of risk predictors and biomarkers to help clinicians better diagnose and treat complex disease.
